Introduction {#sec1}
============

Clinical trials targeting hematopoietic stem and progenitor cells (HSPCs) and T cells for treatment of genetic disorders and cancers are finding increasing success using HIV-derived lentiviral vectors (LVs).[@bib1], [@bib2], [@bib3], [@bib4] Additionally, the improved safety and efficacy of current self-inactivating LVs provides an attractive option for gene therapy.[@bib5], [@bib6] Despite these advances, LV manufacture remains inefficient, scale limited, and expensive.[@bib7] Moreover, lengthy ex vivo cell transduction protocols require large quantities of LVs to achieve the desired clinical outcomes.[@bib8], [@bib9] Ongoing clinical studies expose the technological limitations and highlight the need for improved clinical LV transduction efficiency, as entire LV production runs may only supply sufficient material to dose a few patients. To address these issues, previous attempts to improve transduction using polycations,[@bib10] spinoculation,[@bib11] recombinant fibronectin fragment coatings (e.g., RetroNectin \[RN\]),[@bib12] or biological adjuvants[@bib13] have been explored with mixed success. High-throughput screening has also identified potential transduction-enhancing reagents, although further testing and characterization are required.[@bib14] These problematically high vector requirements needed for sufficient levels of gene transfer are due in part to the large minimum working volumes of standard transduction systems (e.g., culture plates, flasks, and bags). Moreover, the MOI, a commonly used parameter representing the ratio of viral particles to target cells for a given transduction, has consistently proven to be unreliable to predict dosages of LV necessary for therapeutic benefit.[@bib15], [@bib16] Instead, LV concentration by volume \[(v/v)%\] is emerging as a means to describe approaches that maximize the amount of virus used without inducing vector-related cytotoxicity and nutrient deprivation.[@bib17], [@bib18] In clinical protocols, these concentrations correspond to an MOI as high as 100 with several rounds of transduction, despite theoretical models based on a Poisson distribution that suggest that an MOI of 2 is sufficient to enable ∼87% of the cells to interact with at least one infectious unit.

Taking all of the above into account, we hypothesized that this disparity is due in part to a lack of efficient transport of virus to cells. With a half-life on the order of hours at 37°C, LV particles may only travel an average distance of ∼600 μm from their starting point through Brownian motion.[@bib19], [@bib20] However, transductions conducted in the aforementioned standard cell culture vessels must traverse distances on the order of millimeters to centimeters to reach cells, suggesting that most of the virus is wasted due to insufficient transport before viral degradation. By spatially constraining cells and virus to small volumes over large surface areas and microscale heights, microfluidic systems eliminate the biotransport issues associated with standard cell culture systems. Using immortalized cell lines that are generally permissive to viral transduction, we (1) established a microfluidic transduction system, (2) determined which parameters were critical for enhancing gene transfer, and (3) explored the feasibility of scaling up toward clinically appropriate cell numbers. Furthermore, we tested the microfluidic transduction system on primary human and murine cells for ex vivo gene therapy applications for hemophilia A, which has proven to be a challenging clinical target to efficiently transduce the number of cells needed to effectively achieve curative plasma coagulation factor VIII (fVIII) activity levels.[@bib21]

Microfluidics have enabled miniaturization of biological assays and processes by reducing reagent consumption and leveraging microscale fluidic physics.[@bib22] By investigating factors such as MOI, LV (v/v)% concentration, transduction height (diffusion distance), and transduction times in the microfluidic system compared to well plates requiring larger working volumes, we determined that microfluidic devices could be leveraged to create a more efficient transduction platform for gene therapy that significantly reduces the amount of virus required for efficient gene transfer. Furthermore, we demonstrated that physical factors contribute largely to the low transduction efficiencies observed in primary cells, as use of the microfluidic system significantly reduced virus usage and improved transduction kinetics. This work demonstrates that microfluidics have the potential to enable the scale up and commercialization of lentiviral-based gene and cell therapies.

Results {#sec2}
=======

We first explored the microfluidics parameter space relevant to LV transduction efficiency using vesicular stomatitis virus G glycoprotein (VSV-G) pseudotyped LVs encoding a GFP reporter transgene for transduction of hematopoietic cell lines. Head-to-head comparisons of microfluidic and well-plate controls were conducted such that the basal surface area, cell numbers, transduction times, and amounts of LV used were maintained constant unless otherwise noted. Clinical transduction protocols maximize the amount of LV in the parameter space afforded by low cellular toxicity. The downside to this strategy is the significant LV waste resident in the culture dead volume ([Figure 1](#fig1){ref-type="fig"}A). Standard systems all require relatively large working volumes to mitigate evaporation and overcome surface tension to fully wet the surface. Our design relies on micron-scale heights to overcome diffusion limitations and minimize working volumes while maintaining large surface areas that mirror that of standard 96- and 6-well plates to accommodate clinically relevant target cell numbers ([Figure 1](#fig1){ref-type="fig"}B). As a result, the minimized volumes allow high LV concentrations to be achieved without having to increase the amount of LV used in the microfluidics.Figure 1Microfluidics Are an Enabling Platform for More Efficient LV Transduction(A) Microfluidics bring LV particles within closer proximity to target cells without requiring large quantities that would otherwise be wasted due to their short half-life. (B) Example of microfluidic devices that accommodate 10^6^ (top) and 10^5^ (bottom) cells with a surface area equivalent to a 6-well plate and a 96-well plate, respectively. The scale bar represents 1 cm. (C) Transductions using the same amount of GFP-LV and Jurkat cells (constant MOI) for various volumes/fluid heights reveal a height range (\<100 μm) in which diffusion no longer limits vector integration as indicated by the plateau (n = 2--4). Data represent means ± SD. (D) Jurkat transductions comparing utilization efficiencies for a constant GFP-LV (v/v)% concentration at various transduction volumes demonstrates that minimizing total volume more efficiently utilizes available LV (n = 2--4). Data represent means ± SD. (E) A constant ratio of cells and virus (MOI of 1) loaded into 10^6^ and 10^7^ scale microfluidics for 5 hr produces nearly identical transduction of Jurkat cells with a GFP-LV. Data represent mean ± SD. Insets are photos of different versions of microfluidics used for each condition. The scale bar represents 3 cm.

Decreased Diffusion Lengths in Microfluidics Enhance Transduction Efficiency at Multiple Scales {#sec2.1}
-----------------------------------------------------------------------------------------------

Initial studies utilized Jurkat and K562 cell lines as surrogates for primary human T cells and HSPCs, respectively. Previous studies have shown that keeping the number of infectious units constant while minimizing the total transduction volume results in greater gene transfer.[@bib23] Given microfabrication constraints and typical cell sizes, we used small-scale microfluidics with varying heights from 30 to 457.5 μm, corresponding to total volumes of 1--15 μL. These were compared to 96-well-plate transductions with volumes of 50--200 μL, corresponding to fluid heights of 1,555--6,220 μm. Surface area was kept constant in both the microfluidics and wells to ensure that the observed results were due only to differences in height.

For identical MOIs, GFP expression increased with decreasing fluid height in microfluidic transductions due to the increased LV (v/v)% concentration. Transduction reached a plateau for fluid heights of 90.2 μm or less, indicating that LV transport was no longer diffusion limited because associated increases in LV concentration did not further increase transduction ([Figure 1](#fig1){ref-type="fig"}C). This highlights that microfluidics enabled transductions to operate in a range where MOI was relevant and unencumbered by diffusion limitations. In the absence of diffusion limitations, estimations for vector integration based on MOI may be derived from a Poisson distribution. Noting that some cells will be infected multiple times while others remain uninfected, the Poisson distribution describes the MOI-dependent probability of interaction between the vector and cells.[@bib24] To assess the efficiency of our system, we defined a utilization efficiency: the ratio of theoretical infectious units required to achieve the observed transduction based on a Poisson distribution of viral infectivity to the number of infectious units input to the system. The derivation of this equation is provided in [Equation S1](#mmc1){ref-type="supplementary-material"}. Evaluating the utilization efficiency revealed that even for a short transduction at a constant 10% LV (v/v)% concentration, smaller diffusion lengths (fluid height) achieved only within the microfluidic regime resulted in more efficient uptake of LV, while the 96-well transductions all utilized \<10% of the available LV ([Figure 1](#fig1){ref-type="fig"}D). Diffusion length is also critical for the scalability of the microfluidic. When cells in a larger microfluidic with a 10^7^-cell capacity were transduced, transduction was identical to a smaller-scale microfluidic with a 10^6^-cell capacity for a constant MOI and equivalent height despite the order of magnitude difference in targeted cells ([Figure 1](#fig1){ref-type="fig"}E). Taken together, these results show that geometrically constraining the system in which transduction occurs increases gene transfer events in a scalable manner.

Factors That Increase Transduction in Standard Systems Are Amplified in Microfluidics {#sec2.2}
-------------------------------------------------------------------------------------

We then used a microfluidic system accommodating 10^6^ cells for head-to-head comparisons with six-well plates in which the number of infectious units, cell numbers, and transduction times were kept constant between the two systems. Cell density, which corresponds to the number of targets for LV particles to infect, was determined to affect utilization efficiency proportionally in both systems. Due to the increased mass transport and LV (v/v)% concentration in the microfluidic, greater LV availability resulted in increased utilization efficiency for increasing target cell numbers. According to first-order mass action kinetics, the rate of vector adsorption is proportional to the vector concentration and the target bed cell density (i.e., the probability of infection proportionally increases) ([Figure 2](#fig2){ref-type="fig"}A). This result is in agreement with previous studies that used smaller quantities of adherent NIH 3T3 cells.[@bib16]Figure 2Factors That Readily Increase Transduction Are Amplified in Microfluidic Systems and Are Optimized for Primary Human T Cell Transductions(A) Greater utilization of GFP-LV can be achieved in microfluidics by increasing the number of Jurkat cells targeted because virus-cell interactions are enhanced (n = 3). Data represent mean ± SD. (B) Assessment of Jurkat transduction kinetics between six-well plates and microfluidic systems at increasing MOIs using a GFP-LV. Both time and LV savings are possible using microfluidics. (C) RN coating can efficiently immobilize infectious particles in microfluidics compared to six-well plates. While RN significantly improves transduction in six-well plates, microfluidics marginally benefit from RN coating due to the high efficiency inherent in microfluidics (n = 3). Data represent mean ± SD. \*\*p \< 0.01, \*\*\*p \< 0.001 (unpaired Student's t test with Welch's correction for unequal variances). (D and E) Microfluidic systems enable vector savings or increased gene transfer using a clinically processed fVIII-LV in primary human T cells as shown by VCN analysis (D) and VCN utilization efficiency (E). (F) Cell viability is not negatively affected by microfluidic transductions. Transduction time = 12 hr. (n = 5). Data represent means ± SD. \*p \< 0.05, \*\*\*p \< 0.001 (one-way ANOVA). ns, not significant.

Beyond virus savings, ex vivo culture sensitivity of the target cell and transduction time are also important parameters constrained by LV half-life. Therefore, we assessed transduction kinetics for various MOIs between the two systems ([Figure 2](#fig2){ref-type="fig"}B). Increasing the number of infectious units (and thus the MOI) improved transduction in both systems, which further highlights the concentration dependence of LV transduction. However, the microfluidic still outperformed the six-well plate in all head-to-head comparisons. Higher transduction in the six-well plate was only achieved by using 6-fold more virus than the microfluidic and for transduction times greater than 12 hr. The viral supernatant collected at each time point and used for secondary transductions on naive Jurkat cells also confirmed that less LV was wasted in the microfluidic ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Despite the small quantities of LV available at a lower MOI, the number of cells transduced resulted in utilization efficiencies greater than 100%. Since the LV used is replication incompetent, this result indicates that initial titers may be underestimated by 2- to 5-fold due to the diffusion-limited well-based nature and variability in the titration process, which has been addressed elsewhere[@bib24] ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Furthermore, in silico modeling (COMSOL) utilizing the governing diffusion equation for the transport of a dilute species (LV) and a surface reaction (LV binding to cells) was consistent with our experimental results ([Figure S1](#mmc1){ref-type="supplementary-material"}C), indicating that the microfluidic enhanced transduction primarily via physical mechanisms. However, the number of infectious units input to the simulation needed to be increased by 3-fold to more closely approximate the results observed in vitro, further highlighting the underestimation of infectious titer when relying on diffusion-limited systems for titration. COMSOL model parameters are displayed in [Table S1](#mmc1){ref-type="supplementary-material"}.[@bib25]

Existing Transduction-Enhancing Compounds Extend the Capabilities of Microfluidics {#sec2.3}
----------------------------------------------------------------------------------

Although previous reports indicate that RN, one of the few clinically approved transduction-enhancing compounds, may be optimized for adsorption to plastics such as polystyrene, cyclo-olefin, polyethylene, and Teflon,[@bib26] no characterization for other materials such as polydimethylsiloxane (PDMS), the most commonly utilized polymer for soft lithography and microfluidics, has yet been assessed. To that end, we aimed to determine microfluidic compatibility with RN, which has the benefit of binding cells and virus for co-localization, although varying efficacy with different viral vectors and envelope proteins has been reported.[@bib12], [@bib27] For our purposes, we sought to elucidate (1) the cell immobilization efficiency of RN coatings, which enables perfusion of nutrients in the microfluidic system; and (2) the extent of transduction in enhancement RN can provide in microfluidic transductions. We optimized the surface concentration of RN to efficiently immobilize non-adherent cell types while maintaining the capability to effectively bind virus without requiring trypsinization for cell removal (R.T. and W.C.L., unpublished data).

To determine whether cells could be immobilized in the microfluidic for perfusion, we compared the RN coating of the microfluidic system with polystyrene six-well plates following the product manual at our optimized surface concentration. After cells were seeded and allowed a brief incubation period to adhere to the RN, the microfluidics were flushed at 18.4 μL/min for 1 hr to remove non-immobilized or loosely bound cells, while six-well plates were gently pipetted to achieve a similar effect; counts of collected cells from flushing are shown ([Figure S2](#mmc1){ref-type="supplementary-material"}A). In separate studies, we applied two standard RN-mediated infection protocols to the microfluidic system: (1) the RN-bound virus infection method, where vector is pre-adsorbed onto an RN-coated plate followed by loading of cells after washing away unbound vector; and (2) the supernatant infection method, in which cells and vector are mixed together and loaded onto an RN-coated plate. We sought to systematically determine the efficacy of both methods, comparing the microfluidic to the six-well plate. Microfluidics and six-well plates were loaded with vector for 1 hr at 37°C in both bare and RN-coated microfluidics to determine the efficiency of the RN-bound virus infection method. Cells were then loaded into all conditions with either vector-free or vector-containing media to assess the supernatant infection method. RN coating is shown to clearly bind virus and with greater efficiency in the microfluidic, as seen by the greater transduction in microfluidics where cells were seeded without additional vector ([Figure 2](#fig2){ref-type="fig"}C). However, cells that were loaded with vector into microfluidics produced similar levels of transduction regardless of RN coating, while an ∼34% increase was observed in six-well plate transductions with an RN coating. In general, cells were retrieved from both the microfluidics and six-well plates with ≥85% efficiency regardless of RN coating ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Cells that were expanded from each condition also demonstrated similar fold increases, indicating that cell proliferation was not altered ([Figure S2](#mmc1){ref-type="supplementary-material"}C). Overall, these results demonstrate that microfluidics serve as a versatile platform that can effectively utilize existing transduction-enhancing compounds to synergistically maximize efficiency and maintain cell viability.

Microfluidics Reduce LV Requirements in Primary Human T Cells and CD34^+^ HSPCs {#sec2.4}
-------------------------------------------------------------------------------

To further demonstrate microfluidic efficacy in more clinically relevant cells, we transduced primary human T cells with clinically processed GFP-LVs and a high-titer fVIII-LV. Here we utilized an adapted protocol giving all cells identical conditioning so that any differences in transduction were solely due to the selected transduction platform.[@bib28] Primary human T cells were transduced with a GFP-LV to determine optimal transduction times. An alternative utilization efficiency parameter was defined, dividing the measured average vector copy number (VCN) by the MOI ([Equation S2](#mmc1){ref-type="supplementary-material"}) to obtain the ratio of the integrated vector copies to the amount of infectious units used for transduction. This parameter was used to compare different conditions across 4- and 12-hr transduction times. The VCN, VCN utilization efficiency, percentage of GFP^+^ cells, and percentage of dead cells as quantified by eFluor 780 viability staining are displayed in [Figure S3](#mmc1){ref-type="supplementary-material"}.

Separate 12-hr transductions using an fVIII-LV resulted in significantly greater VCNs (p \< 0.001) for microfluidic transductions utilizing equal amounts of LV compared to six-well plates. Concurrent microfluidic transductions utilizing 4-fold less LV yielded equal VCNs as the six-well plates, indicating that current production levels of genetically modified T cells may potentially be obtained with 4-fold less LV simply by using microfluidics ([Figure 2](#fig2){ref-type="fig"}D). Assessing the VCN utilization efficiency of these transductions also revealed that dosing a lower MOI in microfluidics was the most efficient, indicating that transduction may further be optimized to reduce wasted LV ([Figure 2](#fig2){ref-type="fig"}E). Cell death was also minimized, with all conditions resulting in \<2% positive staining for dead cells ([Figure 2](#fig2){ref-type="fig"}F).

Primary CD34^+^ HSPCs, one of the other major cell targets in gene therapy, are notoriously difficult to transduce. We compared an optimized well-plate transduction protocol mimicking clinical conditions to an adapted microfluidic transduction protocol using a clinically processed fVIII-LV. To accommodate a higher MOI in the microfluidic, LV was pre-adsorbed onto an RN coating for 2 hr prior to the loading of cells and additional LV at a 30% (v/v)% concentration. Average VCNs per cell transduced using microfluidics were not statistically different from those in the well plates despite using half the amount of virus in half the transduction time ([Figure 3](#fig3){ref-type="fig"}A), thus resulting in a higher VCN utilization efficiency ([Figure 3](#fig3){ref-type="fig"}B). Cell viability was also maintained across all conditions ([Figure 3](#fig3){ref-type="fig"}C) and colony-forming units (CFUs) from harvested cells plated in methylcellulose media were comparable between well-plate and microfluidic transductions ([Figure 3](#fig3){ref-type="fig"}D). Thus, microfluidics are able to improve transduction efficiency in multiple clinically relevant primary human cell types without compromising cell viability or stem cell characteristics.Figure 3CD34^+^ Cells Are More Efficiently Transduced in Microfluidic Systems(A) VCN analysis demonstrates that transduction times and fVIII-LV usage are reduced by at least 50% using microfluidics. (B) Microfluidic systems enable greater VCN utilization efficiency compared to 24-well transductions. (C) Cell viability as measured by the trypan exclusion assay is not reduced from microfluidic systems. (D) Stem cell properties are not negatively impacted by microfluidic systems, as demonstrated by the human colony-forming assay (n = 3). Data represent means ± SD. \*p \< 0.05 (one-way ANOVA). Tdx, transduced; ns, not significant.

Microfluidic-Transduced HSPCs Correct Hemophilia A in a Murine Model {#sec2.5}
--------------------------------------------------------------------

Although cell viability did not appear to suffer from microfluidic transduction in vitro, we tested the in vivo efficacy and safety of the microfluidic system in a hemophilia A murine model (fVIII-deficient mice) ([Figure 4](#fig4){ref-type="fig"}A). Transductions of Sca-1^+^ cells isolated from CD45.1^+^ donors were performed using highly concentrated, clinically processed fVIII-encoding LV in microfluidics and six-well plates for 5 hr at an MOI of 10. An additional group of cells was transduced in microfluidics using 4-fold fewer infectious units (MOI of 2.5). From the pool of transduced cells, 1 million CD45.1^+^ cells from each group were then transplanted into a corresponding lethally irradiated CD45.2^+^ fVIII-deficient recipient. Plasma fVIII levels were measured via a chromogenic fVIII assay and engraftment was assessed via flow cytometry by monitoring populations of CD45.1^+^ cells in the recipient mice every 2 weeks until 8 weeks post-transplantation when fVIII levels stabilized. The average VCN and the VCN utilization efficiency of blood, bone marrow, and spleen cells were obtained after 16 weeks ([Figures 4](#fig4){ref-type="fig"}B and 4C). Microfluidic transductions at an MOI of 10 yielded the highest VCN in all tissues and exhibited no statistical differences in engraftment ([Figure 4](#fig4){ref-type="fig"}D). Three of five mice transplanted with microfluidic-transduced cells at an MOI of 10 produced plasma fVIII levels within the normal range compared to mild hemophilia levels in those transplanted with the same number of infectious units in a six-well plate or microfluidic-transduced cells at an MOI of 2.5 despite the relatively low dosages of LV and short transduction times ([Figure 4](#fig4){ref-type="fig"}E). Therefore, microfluidics demonstrated pre-clinical safety and efficacy with the potential to reduce both transduction times and vector usage.Figure 4Transplantation of Microfluidic-Transduced Cells Results in Greater Rates of Gene Transfer and Higher fVIII Production in a Hemophilia A Animal Model(A) Pre-clinical simulation of murine gene therapy for hemophilia A using a clinically processed fVIII-LV. Microfluidic transductions are compared to an equivalent standard protocol using a six-well plate. (B and C) Microfluidic systems improve gene transfer efficiency, as indicated by VCN analysis (B) as well as VCN utilization efficiency (C) across various mouse tissues (n = 5 mice, MOI of 10, microfluidic; n = 4 mice, MOI of 10, six-well plate; and n = 4 mice, MOI of 2.5, microfluidic). Data represent means ± SD. \*p \< 0.05 and \*\*\*p \< 0.001 (one-way ANOVA of individual tissue groups). (D) High levels of donor (CD45.1^+^) cell engraftment were maintained across all conditions. (E) Only mice transplanted with microfluidic-transduced Sca-1^+^ cells at an MOI of 10 were able to restore plasma fVIII levels to normal. Time course of averaged plasma fVIII levels for each group of mice. Tdx, transduced. Data represent mean ± SD.

Discussion {#sec3}
==========

In the current study, we translated state-of-the-art transduction protocols to a scalable microfluidic platform enabling significant reduction in LV requirements and transduction times by leveraging micron-scale heights to overcome diffusion limitations of current systems. Transduction efficiency can be further maximized by incorporating existing transduction-enhancing methods such as RN, polycations, and biological adjuvants. Previous studies have shown that transduction of adherent cell types using adenoviral and retroviral vectors can be enhanced with various perfusion regimes, although this becomes less practical as the system is scaled up.[@bib29], [@bib30] Although flow rates \>18.4 μL/min can be used without inducing significant shear stress on cells due to the large channel widths used, flow rates should be minimized to keep cells immobilized on the RN coatings when necessary. Perfusion as a means of virus delivery to cells in our larger-scale microfluidics would artificially recreate the issue of limiting virus-cell contact, since the majority of the virus would reside within tubing or syringes before finally moving through the microfluidic. As such, we believe that the microfluidic system is best suited for perfusion of nutrients instead of virus. RN, which is a costly clinical reagent, is shown to be effective at immobilizing non-adherent cells and binding virus in the microfluidic system even when using 5-fold less than the recommended amount ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Furthermore, the microfluidic system enhances efficiency such that RN coatings do not confer much benefit unless the RN-bound virus infection method is combined with the supernatant infection method ([Figure 2](#fig2){ref-type="fig"}C). However, the benefit of using RN in microfluidics is apparent for conditions where the constrained geometry would otherwise limit the amount of infectious units or nutrients provided to cells. Only VSV-G pseudotyped LVs were assessed in this study, although the physics-based mechanism of action should enable a wide variety of vector envelopes and cell types to be compatible with microfluidic transductions, as demonstrated by the increased transduction in primary human and murine cells. Overall, the microfluidic platform outperforms current clinical transduction platforms in all aspects studied.

Human Jurkat and K562 hematopoietic cell lines as well as primary mouse and human HSPCs and T cells were efficiently transduced in the microfluidic system. Previous studies and current practices highlight the importance of minimizing the total volume of transduction for efficient gene transfer, but practical limits of conventional cell culture platforms do not allow further reduction of these transduction volumes.[@bib23], [@bib31] Alternatively, novel micro- and nano-well arrays developed for stem cell aggregate formation and single cell processing, respectively, may provide potential methods of physically constraining the transduction space to enhance efficiency.[@bib31], [@bib32], [@bib33] However, the translation of these formats to clinical-scale gene therapy applications is not as straightforward due to limitations in fabrication, loading, and removal of cells. Conventional microfluidics are also typically designed to minimize volume, cell numbers, or cell residence time. Rather than adapt existing formats toward gene therapy applications, we designed a microfluidic platform specifically for transduction with a focus on cell capacity, scalability, loading, immobilization, and retrieval. Our most current device design is able to accommodate 10^7^ cells ([Figure 1](#fig1){ref-type="fig"}E) while maintaining the dimensions necessary to operate in this optimal range, although further scale up to 10^8^--10^9^ cells required for clinical-scale transductions[@bib1] is readily achievable by linking the devices in parallel (R.T., unpublished data). Within the assortment of microscale heights explored, we identified a range (≤∼100 μm) in which diffusion limitations are surpassed, as indicated by the plateau in transduction efficiency observed in [Figure 1](#fig1){ref-type="fig"}D. Despite having increased vector concentration at shorter heights, transduction efficiencies in this range did not increase because the amount of infectious units became the limiting factor rather than the vector concentration. In this regime where the amount of infectious units and number of target cells are the critical variables, the theoretical transduction governed by the MOI and Poisson distribution better correlates with the actual observed gene transfer, unlike conventional systems where a large MOI is required for the desired result.

While cell viability has not been an issue in any of the in vitro or in vivo studies we performed to date, gas exchange and nutrient replenishment may potentially be problematic for future scale up toward 10^8^--10^9^ cells. The geometric constraints of the space in which transduction occurs in microfluidics can limit the amount of nutrients and gas available to cells, although studies encapsulating single cells in picoliter droplets have demonstrated that high cell viability is preserved despite reduced volumes.[@bib34] These concerns are further mitigated by the significantly shortened transduction times made possible in the microfluidic system, which have not resulted in altered cell physiology or significantly higher cell death for the cell lines or with primary human cells used in this work ([Figures 2](#fig2){ref-type="fig"}F, [3](#fig3){ref-type="fig"}C, 3D, [S2](#mmc1){ref-type="supplementary-material"}C, and [S3](#mmc1){ref-type="supplementary-material"}D). Most notably, the long-term repopulating capability of mouse HSPCs was not negatively affected. Although mouse HSPCs are more easily transduced than human cells, we have demonstrated that microfluidics also improve transduction of human CD34^+^ cells without affecting viability or colony-forming potential when compared to optimized well transductions. These results are encouraging in moving toward transplantation into a humanized mouse system to demonstrate true clinical efficacy, as we believe that the duration of LV-RN adsorption and transduction times can be further optimized. Such experiments would provide valuable insight into our system, since the CD68 promoter of the fVIII-LV used in our primary human cell studies was limited to expression of fVIII only in cells of the myeloid lineage. Therefore, transduced T cells of the lymphoid lineage and undifferentiated CD34^+^ cells did not produce detectable levels of fVIII, although our animal studies demonstrated that the VCN is proportional to fVIII production, which suggests that the VCN is an adequate readout for transduction efficiency in our primary human cell studies.

Based on our current data and our experience with pre-clinical development of a CD34^+^ fVIII-LV gene therapy product candidate (G.D., H.T.C., and C.B.D., unpublished data), we estimate that an order-of-magnitude reduction in vector costs per patient may be attainable by using microfluidics. Enhanced transduction in the microfluidic system was shown to be independent of the device fabrication method. Therefore, manufacture of microfluidic systems that meet common good manufacturing practices (cGMP) standards should be feasible using methods such as injection molding or hot embossing of polystyrene or other thermoplastics. Furthermore, integration into automated cell processing systems adapted for gene therapy applications have the potential to significantly decrease costs further.[@bib35] Previous studies have also estimated that variable costs in genetically modified hematopoietic stem cell products can theoretically be reduced as the number of products generated increases.[@bib36], [@bib37] Incorporating the microfluidic system into a standard cell manufacturing process would increase production output for a given amount of viral vector, which is a significant cost driver due to the lengthy, expensive, and scale-limited manufacturing process. When combined with other cost savings from reduced cytokine and reagent usage typically required for primary cell culture, the microfluidic platform represents an exceptional tool for cell manufacturing for clinical gene therapy. With clinical gene therapy rapidly advancing with definite evidence of success and licensed products, associated advances in vector manufacturing and utilization will be essential to routine clinical implementation and globalization.

Materials and Methods {#sec4}
=====================

Cell Lines, Media, and LV {#sec4.1}
-------------------------

K562 and Jurkat cells (ATCC) were cultured in RPMI 1640 media supplemented with 10% fetal bovine serum (FBS), [l]{.smallcaps}-glutamine, 25 mM HEPES, and 1% penicillin/streptomycin (Pen/Strep). GFP and fVIII-LV were supplied by Expression Therapeutics and were prepared by a commercial manufacturing organization for clinical development of a CD34^+^ fVIII-LV gene therapy product candidate (G.D., H.T.C., and C.B.D., unpublished data). Infectious particle titers of the GFP-LV were determined from 293FT cell line transductions (8.9 × 10^7^ TU/mL) and that of the fVIII-LV was determined from 293T/17 cell line transductions (4.82 × 10^8^ TU/mL). All LVs tested were replication incompetent and pseudotyped with the VSV-G envelope. Separate authentication or mycoplasma testing was not performed on cell lines.

Microfluidics Fabrication {#sec4.2}
-------------------------

All devices were designed to have an equivalent surface area to a comparable polystyrene well plate. Small-scale (10^5^ cell) microfluidics had a matching surface area with individual wells of a 96-well plate (0.32 cm^2^), while all large-scale (10^6^-cell) microfluidics had a matching surface area with individual wells of a six-well plate (9.5 cm^2^). Microfluidics used for CD34^+^ transductions had a matching surface area with individual wells of a 12-well plate (3.8 cm^2^). Scaled up 10^7^ cell microfluidics had a surface area of approximately 51.5 cm^2^ with a total volume of approximately 670 μL.

Small-scale devices with volumes ranging from 1 to 15 μL and 92 μL large-scale devices were made using traditional soft lithography as described elsewhere.[@bib38] Briefly, a thick layer of SU-8 photoresist (MicroChem) was spincoated onto a silicon wafer to achieve the desired height of the channel. The photoresist was baked according to the manufacturer guidelines to drive out the solvent. The device pattern was then crosslinked into the photoresist by exposing the coated wafer to UV light through a photomask containing the desired pattern. Non-crosslinked photoresist was removed by treatment with SU-8 developer. The completed mold was treated with hexamethyldisilazane (Sigma-Aldrich) overnight by evaporation onto the surface before casting PDMS (Sylgard 184; Dow Corning).

Master molds for 200 μL and scaled-up 10^7^ microfluidics were made from computer numerical control (CNC) micromilling of aluminum. PDMS was then cast onto the mold and peeled off to obtain the negative pattern of the channel. Channel dimensions were measured using a Dektak 150 profilometer (Veeco Instruments). Inlet and outlet ports were punched before plasma or corona treatment of the PDMS for covalent bonding to a flat PDMS slab, sealing the channel.

Microfluidics were made using double-sided silicone adhesive transfer tape (3M) to assess transduction kinetics and CD34^+^ cell transductions. Channel patterns were drawn using AutoCAD software (Autodesk). The channels were then cut from the double-sided silicone adhesive using a Silhouette craft cutter (Silhouette America). The double-sided silicone adhesive containing the channel pattern was then applied to a 150 mm polystyrene petri dish, followed by a flat slab of PDMS with inlet and outlet ports pre-punched to seal the channel. The resulting devices were 48 μL in volume with a height of approximately 50 μm for the transduction kinetics microfluidics and approximately 100 μm for the CD34^+^ microfluidics.

Cell Line Transduction {#sec4.3}
----------------------

Prior to transduction, cells were centrifuged at 200 × *g* for 10 min to remove growth media. Cells were then re-suspended in fresh growth media containing 8 μg/mL polybrene and clinical-grade GFP-LV ranging from 0.1 to 89.9 μL. All microfluidic transductions were conducted simultaneously in direct comparisons with well-plate controls containing the same amount of LV for the same transduction times ranging from 0.5 to 24 hr unless otherwise noted. Small-scale direct comparisons were conducted in a 96-well plate with a total volume of 50--200 μL. All large-scale direct comparisons were conducted in a six-well plate with a total volume of 1 mL. Small-scale transductions targeted 70,000 cells, while large-scale transductions targeted 500,000--4,000,000 cells. Prior to adding cells and LV, the devices were placed under a vacuum for at least 10 min to facilitate uniform loading and removal of air bubbles.

RN Coating {#sec4.4}
----------

Devices were coated overnight with 10 μg RN (1.05 μg/cm^2^; Takara Bio) the day before transduction. Polystyrene six-well plates were also coated with the same amount for comparison to the standard. BSA (2% in 1× Dulbecco's PBS \[DPBS\]) was incubated in the devices and six-well plates for 30 min at room temperature to block non-specific binding. The blocking solution was flushed out with 1× DPBS and aspirated from the devices and six-well plates prior to use. To assess the efficacy of the RN-bound virus infection method, 22.5 μL vector stock (∼2 × 10^6^ transducing units \[TU\]) was pre-adsorbed onto RN-coated microfluidics and six-well plates for 1 hr at 37°C before cells were seeded. Bare microfluidics and six-well plates were also loaded with vector stock as negative controls. Following the pre-adsorption phase, 2 million cells were loaded into microfluidics and six-well plates with either vector-free or vector-containing media (additional 22.5 μL vector stock added) to assess the supernatant infection method.

Cell Collection {#sec4.5}
---------------

After each specified transduction time, devices were moderately tapped along the underside of the channel to release cells from the surface. Channels were then flushed with 1 mL 1× DPBS in small-scale devices or 5--6 mL 1× DPBS in large-scale devices following directly into 15 mL conical tubes. 1× DPBS was added to the well controls to achieve comparable final volumes and pipet mixed for cell removal. Due to the reduced RN surface concentration, cells did not require trypsinization for removal. All cells were then centrifuged at 200 × *g* for 10 min. The viral supernatant was removed, and cells were plated with fresh growth medium.

Assessment of GFP-LV Transduction Efficiency {#sec4.6}
--------------------------------------------

Cells were maintained in culture following removal from the devices and wells for at least 72 hr before assessing GFP expression of transduced cells with a BD C6 Accuri flow cytometer.

Primary Human T Cell Culture {#sec4.7}
----------------------------

Frozen human pan T cells were purchased from AllCells. Cells were thawed following the AllCells thawing protocol and allowed to recover in RPMI 1640 media supplemented with 10% FBS, [l]{.smallcaps}-glutamine, 25 mM HEPES, and 1% Pen/Strep for 24 hr. CD3- and CD28-coated beads (Miltenyi Biotec) were then added to the cells at a 1:1 bead/cell ratio with 100 IU/mL human IL-2 (IL-2; PeproTech) for T cell activation. The cells and beads were then transferred to a six-well plate at a density of 1--2 × 10^6^ cells/mL per cm^2^. Cells were ready for transduction after a 24-hr activation period.

Primary Human T Cell Transduction {#sec4.8}
---------------------------------

200 μL devices and six-well plates were coated with 20 μg (2.10 μg/cm^2^) RN using the process described above. Each microfluidic and six-well plate was loaded with 2 million cells with beads, 60 μL GFP-LV, 6 μg/mL Polybrene, and 100 IU/mL human IL-2.

T Cell Transduction Assessment {#sec4.9}
------------------------------

Cells that were transduced with the GFP-LV were stained with eFluor 780 viability dye (eBioscience) at least 72 hr post-transduction. T cell purity was confirmed with a CD3-V450 (500A2) antibody (BD Biosciences). Transduction efficiencies are determined as the percentage of GFP^+^ live cells as obtained with a BD LSR II flow cytometer. Cell samples were blinded to the operator before processing for the VCN. Genomic DNA was harvested from cells using the DNeasy blood and tissue kit (QIAGEN). Real-time qPCR was used to determine the VCN. fVIII-transduced cells received identical processing, without GFP assessment.

Primary Human CD34^+^ HSPC Cell Culture {#sec4.10}
---------------------------------------

Frozen human mobilized peripheral blood (mPB) CD34^+^ cells were purchased from AllCells. Upon receipt, mPB CD34^+^ cells were thawed and counted prior to assessment of viability via trypan blue dye exclusion. For transduction, mPB CD34^+^ cells were re-plated at a cell density of 1 × 10^6^ cells/mL in RN-coated plates in stem cell growth media (SCGM) containing 300 ng/mL recombinant human Flt-3 Ligand (rhFlt-3L), 300 ng/mL recombinant human stem cell factor (rhSCF), 100 ng/mL recombinant human thrombopoietin (rhTPO), and 60 ng/mL recombinant human IL-3 (rhIL-3) and stimulated overnight at 37°C/5% CO~2~. SCGM, rhFlt-3L, rhSCF, rhTPO, and rhIL-3 were all purchased from CellGenix.

Primary Human CD34^+^ Transduction with fVIII-LV {#sec4.11}
------------------------------------------------

After overnight stimulation, transduction was initiated by removing 50% of the conditioned medium, pelleting any cells in suspension, re-suspending in SCGM containing cytokine mix and LV at an MOI of 50, and adding the resuspended mixture back to cells on RN-coated 24-well plates. Similarly, cells were pelleted, re-suspended in SCGM containing cytokine mix and LV at MOI 25, and loaded into RN-coated microfluidics. Cells were transduced for 24 hr at 37°C /5% CO~2~ in the 24-well plates while cells were transduced for 6 hr at 37°C/5% CO~2~, followed by an additional 6 hr after loading fresh cytokine mix-containing SCGM to replenish nutrients (total transduction time: 12 hr). After 12 hr of transduction, cells were removed from the microfluidics via DPBS flushing, washed to remove unbound LV, and plated in fresh SCGM containing cytokine mix for an additional 12 hr. Cells transduced in 24-well plates were similarly removed after 24 hr of transduction and washed to remove unbound LV. At the end of the transduction period, both 24-well and microfluidic-transduced cells were plated for CFU analysis.

CFU Analysis {#sec4.12}
------------

Clonogenic potential post-transduction was assessed by a colony-forming cell (CFC) assay and enumeration of individual CFUs compared to mock (untransduced) cells. Briefly, a 10× solution of cells was mixed with MethoCult H4434 Classic medium (StemCell Technologies) and dispensed into dishes using a syringe attached to a blunt-end needle. Plated cells were incubated for 10 days at 37°C/5% CO~2~, at which point the individual colonies (CFUs) were counted manually on an inverted microscope. A total of 1,000 cells per well were plated for each assay and each assay was performed in duplicate.

VCN Analysis {#sec4.13}
------------

After CFU enumeration, each assay well was re-suspended in DPBS to dissolve methylcellulose and replicates combined. Cells were pelleted, washed once with DPBS, and stored at −20°C for up to 1 month for genomic DNA isolation. Genomic DNA from washed cell pellets was isolated using the DNeasy Blood & Tissue Kit (QIAGEN) following the manufacturer's protocol for "cells in culture." Genomic DNA was quantitated using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific) and equal amounts of genomic DNA were used for SYBR Green-based real-time qPCR analysis using transgene-specific primers and compared to a plasmid standard curve of known quantities.

Animal Studies {#sec4.14}
--------------

All animal studies and procedures were performed at Emory University under the guidelines set by the Emory University Institutional Animal Care and Use Committee. C57BL/6 Exon-16 (E16)-disrupted hemophilia A mice were used in all animal experiments. Generation of this murine model for hemophilia A was described previously.[@bib39] For transduction efficiency studies, both male and female mice aged between 8 and 10 weeks were used. No randomization was carried out to determine animal groups. Based on statistical power estimates (alpha = 0.05, power = 0.8, sigma = 0.3) assuming fVIII expression levels drawn from previous animal studies (G.D., J.E.S., H.T.C., and C.B.D., unpublished data), a minimum of three mice per group would be needed to determine differences. Total animal numbers for each group are given.

Murine Sca-1^+^ Cell Isolation, Transduction, Transplantation, and Analysis {#sec4.15}
---------------------------------------------------------------------------

Bone marrow was isolated from cleaned hind leg femurs and tibias of C57BL/6 E16 hemophilia A mice with the CD45.1 allele. Sca-1^+^ cells were incubated with biotin anti-Sca-1 antibody followed by anti-biotin microbeads (Miltenyi Biotec) and passed through a magnetic separation column for positive selection. Isolated cells were then cultured overnight at a density of 2 × 10^6^ cells/mL in StemPro media supplemented with stem cell factor (100 ng/mL), murine IL-3 (20 ng/mL), human IL-11 (100 ng/mL), human Flt-3 ligand (100 ng/mL), StemPro nutrient supplement (40×), [l]{.smallcaps}-glutamine (100×), and Pen/Strep (100×).

On the day of transduction, 2 million cells were loaded into each bare microfluidic and six-well plate with 8 μg/mL Polybrene as described above with a clinical-grade fVIII-LV for 5 hr. Cells were then collected, washed, and re-suspended in fresh 1× DPBS for transplant.

At least 4 hr prior to transplantation, a separate cohort of 8- to 10-week-old C56BL/6 E16 hemophilia A mice with the CD45.2 allele were given two doses of lethal irradiation at 5.5 Gy (total 11 Gy) 4 hr apart. After transduction and washing of LV from the donor cells, 1,000,000 cells were transplanted into each recipient mouse via retro-orbital injection.

Mice were bled every 2 weeks for the first 8 weeks via tail vein microsampling. Flow cytometry was run on collected blood cells and stained for CD45.1 and CD45.2 to assess engraftment. The following antibody-fluorophore conjugates were used for flow cytometry: CD45.2-APC (558702), Gr1-APC-Cy7 (557661), Mac1-APC-Cy7 (557657), CD45.1-PE (553776), CD3e-V450 (560801), and CD45R/B220-PE-Cy7 (552772) (BD Biosciences). Complete blood counts were also conducted to monitor populations of various white blood cells, including lymphocytes, monocytes, and granulocytes. Plasma was isolated and used to measure fVIII plasma levels via a commercially available chromogenic substrate assay (Chromogenix Coatest SP FVIII; diaPharma). After 16 weeks, mice were euthanized, and cells from blood, spleen, and bone marrow were harvested for RT-PCR to quantify the LV copy number. The chromogenic fVIII assay and VCN analysis were conducted as previously described.[@bib40] The operator was blinded to the cell samples before processing for VCN.

Statistical Analysis {#sec4.16}
--------------------

Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software). All data are represented as means ± SD. Multiple groups were compared using one-way ANOVA followed by Bonferroni post hoc analysis. Normal distributions were tested with the Shapiro-Wilk test for normality and equal variances were tested with the Levene test for equality of variances at the 0.05 level.
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